We estimate the free energies of transfer of ionized amino acid side chains in water to both their ion-paired and neutral hydrogen-bonded states in low-dielectric media. The difference between the two free energies corresponds to the proton transfer free energy in a "salt bridge" formed between acidic and basic groups (i.e., lysine and glutamic acid residues). Our approach is to use gas phase proton transfer data, pK values, and experimentally determined solvation energies to estimate the standard state free energy changes involved in transferring amino acid side chains, in both ionized and neutral form, from water (dielectric constant e _ 80) to vacuum (e = 1). The familiar expressions for the charging energy of a sphere and dipole are used to interpolate between e = 1 and e = 80. Our results suggest that it costs approximately 10-16 kcal/mol to transfer a salt bridge from water to a medium of e = 2-4, in ionized or neutral form within the resolution of our estimates. The proton transfer energy is thus approximately 0. The tendency of salt bridges to form additional hydrogen bonds in real proteins suggests that the ion pair will be present in most biological systems.
Sequence analysis of a number of membrane proteins, such as rhodopsin and bacteriorhodopsin, suggests that ionizable amino acid residues (lysine, arginine, histidine, aspartic acid, and glutamic acid) will be found in the interior of the phospholipid bilayers of biological membranes (1) (2) (3) (4) . In this paper, we consider whether these residues will tend to appear in charged or neutral form. It is clear that the answer to this and related questions depends on the microenvironment of the ionizable groups within the membrane. For example, there is little doubt that a lysine residue in an aqueous channel is ionized even though it is physically located within the bilayer. Our concern here will, rather, be the state of protonation of ionizable groups in low-dielectric environments. However, the opportunity for ion pairing often exists, and much of our discussion will focus on the stability of ion pairs ("salt bridges") in low dielectrics. Specifically, our primary goal is to consider the free energy change for the proton transfer reaction RCOO .....H3NR' -RCOOH..H2NR' in a medium of dielectric constant E. Which is more stable, the ion pair or the neutral hydrogen-bonded form?
This question has recently arisen in a number of contexts. For example, if ion pairs are indeed stable, the requirement that charged amino acids form salt bridges can be used in the construction of three-dimensional models of membrane proteins. This type of constraint was introduced by Engelman et al. (2) in their study of bacteriorhodopsin but has been criticized by Kyte and Doolittle (3) , who argued that salt bridges are unstable with respect to hydrogen-bonded neutral forms.
Warshel has also argued against the existence of ion pairs in a low-dielectric environment (5) . Nevertheless, Coulombic interactions in an environment of low dielectric constant appear to regulate the absorption maxima of visual pigments and bacteriorhodopsin (6, 7) . Electrostatic interactions in a low-dielectric medium have also been used to explain the light energy storage mechanisms of these pigments (8) . It would appear then to be of some importance to consider the energetics of proton transfer reactions in low-dielectric environments. Questions of this type are certainly not new and have arisen, for example, in numerous discussions of enzyme mechanisms. In serine proteases, where neutron diffraction measurements may finally have resolved the issue (9), toe state of protonation of various groups has been a subject of considerable controversy.
The approach we take in this work is to use gas phase proton transfer data, pK values, and experimentally determined solvation energies to estimate the standard state free energy changes involved in transferring various amino acid side chains, in both ionized and neutral form, from water to a uniform medium of dielectric constant E. Since data are generally available for the gas (E = 1) and aqueous (E = 80) phases, it is necessary to interpolate between these two extremes in order to consider dielectric constants appropriate to membranes and membrane proteins. This is done by using the familiar expressions for the charging energy of a sphere (10) , or dipole (11) , where appropriate.
The proton transfer energies that we obtain relate to cases in which ionizable groups are known, say from structural information, to be buried in the bilayer. The energy required to transfer them from water pertains to the important question of the mechanism by which proteins are inserted into membranes. Although our major goal in this work concerns the state of protonation of various groups in membranes (independent of how they got there in the first place), our results may also provide insights as to possible insertion mechanisms. METHOD Free Energy Cycles. Fig. 1 defines the various processes and corresponding free energy changes which we use to estimate AGYpr, the free energy of proton transfer in an ion pair in a medium of dielectric constant E. AG2, AG3, AG5, and AG6 refer to transfer processes between phases a and P. In the discussion below, a and /3 will be either water (w), vapor (v), or a medium of dielectric constant E (e), and the identity of the phases as well as the direction of transfer will be denoted by a subscript to the corresponding transfer free energy. These phase transfer free energies will clearly depend in detail on the nature of the R groups indicated in Fig. 1 . We will avoid the issue of the precise structure of the R group by considering only the group contribution of the carboxyl (COOH) or amino (NH2) function to the transfer free energy. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. AGnp(w-e) = AGT(W) + AG(w1) + AG3(w BE) + AG(e), [2] and AGP(E) = AGnp(w-E*) -AGwp(We) [3] The various free energy changes, AG_7, are obtained as follows:
AGO(w). This term is determined by the pKa difference between the acid and base.
[RCOO-j[R'NHfl = 2.303R71pK2 -pK1j, [4] where pK1 and pK2 are, respectively, the pKa values of the carboxyl and amino groups, R is the gas constant, and T is absolute temperature. and from Eqs. 5 and 7 we find AG2(w E) --3AGO(vv..w)/(2E + 1). [8] Similarly, AG03(w-.e) -3AG3(V,,W)/(2E + 1). [9] Eqs. [iO]
AG2(W .E) and AG3(wBE
AG5(w GE) and AGO w,,). As indicated by Eqs. 1 and 3, only the sum (AGg + AG6)We6 need to be evaluated to obtain AGpr(,). The most straightforward approach would be to evaluate these free energy terms in the conventional fashion by using the Born equation (10), AG' = (-166/r)(1/ear -1/ep), where AGO is in kcal/mol of ion, r is the effective ion cavity radius in the medium, and Ear and Ed are the dielectric constants of the phases a and 18. However, such a calculation clearly requires knowledge of r in the medium of interest, and this quantity cannot simply be set equal to the crystal or solvated ionic radius. For example, a correction factor of 0.85 for simple cations and 0.1 for simple anions must be added to the crystallographic ionic radii to reproduce solvation energies in water (14) . Thus, to employ the simplistic Born model, r must be viewed as a parameter, and to avoid a completely arbitrary assignment, we adopt a procedure that avoids the necessity of selecting an ionic cavity radius. In principle, the procedure involves using available experimental data to obtain (AG5 + AG6)X.,, the sum of the solvation energies of the anion and cation. From this known energy, one can compute a mean cavity radius that correctly reproduces this value when used in the Born expression. This mean cavity radius is then used to compute solvation energies in other media, again using the Born expression. In practice, this procedure simply reduces to scaling the solvation energy in water by the Born dielectric term (1/E -1/80) 1/E. Thus, (AG5 + AG60)wO -(AG5 + AG06)v-.w 1. [11] To evaluate (AG5 + AG6)V ,, consider Fig. 1 for the case a = vapor (e = 1) and P = water (E = 80) and note (AG5 + AG6)v w = (AG2 + AGO)VW -AG'l(W) + AG'l(V).
[12]
AG2(we) = AG2(V-,) -AGO(V W) [5] where AG2(v me) is the free energy transfer of the group from vapor to medium of dielectric constant E. Now the Onsager expression for the solvation energy of a dipole (11) Fig. 2 . It is evident that, independent of e, the ion pair is predicted to become comparable in energy to the neutral species in the range of dielectric constants E = 2-4. Sources of Error. There are clearly a number of uncertainties associated with these results. First, the use of Eq. 11 to describe the dependence of the solvation energy on the dielectric constant cannot be rigorously justified. In principle, the appropriate Born cavity radius for an ion should be taken as a function of the dielectric constant. Eq. 11 was derived assuming a constant mean cavity diameter in the range E = 2-80, which, as discussed above, is equivalent to using 1/E to scale the solvation energy of an ion in water.
A second major uncertainty concerns our treatment of the Coulombic interaction (although Fig. 3 demonstrates that our conclusions are fairly independent of this term). The residues involved are hardly point charges and, in addition, the magnitude of the reduction in dielectric constant for atoms in contact is not known. Values of a' significantly smaller than e favor the ionic species, as do polarizability corrections to the Coulomb energy. In contrast, interaction with solvent molecules should decrease as the ions approach one another, hence, decreasing the solvation energy and favoring the neutral species, and this possibility has not been accounted for in our estimates.
Despite these uncertainties, the results of Fig. 3 suggest that AGpr is approximately zero in low-dielectric environments. Ion pairs will be favored for short bond lengths, while the neutral pair will be stabilized as e increases. The exact crossover point is impossible to determine on the basis of available evidence. It is important to emphasize that the analysis we have presented is intended primarily to assign limits to quantities that have previously been rather loosely defined. We have attempted to define the essential parameters in a consistent fashion, and we believe that our results represent the best estimates possible at this time. Moreover, the experimental results discussed in the next section suggest that our conclusions are consistent with available data. Experimental Evidence. Pimentel and co-workers (19) have shown that NH4Br is ionic in solid N2 (E 1.5) at 15 K, while
NH4Cl is intermediate between the charged and neutral forms. While HCl is clearly a much stronger acid than acetic acid, the existence of ionic species, even at e = 1.5, shows that ion pairs can be formed even in low-dielectric environments. In a more recent series of experiments, Fritsch and Zundel (20) studied proton transfer between 2,4,6-trichlorophenol (pK = 6) and methylpiperidine (pK = 10.1). They found 10% ionic species in CC14 (E = 2) and 50% in chlorobenzene (E = 5.62). Again, these results confirm the existence of ion pairs in low-dielectric media but are not directly relatable to the analysis presented here, since the species involved are quite different than amino acid side chains. For example, the negative charge in trichlorophenol is probably distributed over the entire molecule. This should have a major effect on solvation energies (since the cavity radius should be strongly affected) and on the Coulombic attraction for which a point charge can no longer be assumed. A similar problem precluded the inclusion of a histidine residue in our analysis. Experiments of the type carried out by Zundel and co-workers, applied to the pairs of amino acid size chains considered here, would clearly be of considerable interest. Relevance to Proteins. Our discussion to this point has been limited to a continuous medium of dielectric constant e. Real proteins are hardly continuous and there are numerous opportunities for hydrogen bonding, electrostatic interactions, etc. Moreover, the effect of the surrounding water is certainly felt, although the magnitude of the effect depends on the distance of the groups in question from the protein surface. In fact, for an ion on the surface, the Born energy is reduced by approximately a factor of 2 (unpublished data). In any case, the optical dielectric constant of proteins is approximately 3 (21) and, from Fig. 2 , this would suggest that ion pairs can be formed, even if they are deeply embedded in the protein interior.
In addition to the free energy contributions we have discussed, ion pairs can be preferentially stabilized by forming hydrogen bonds to strategically placed polar groups on the protein. Treating the interactions between ions and polar groups explicitly, Warshel (5) has shown that the stabilizing effects of polar groups can be as great as the solvation energy in water. Kollman and Hayes (22) have found that the imidazole-formate ion pair can be stabilized by as much as 29 kcal/mol relative to the neutral complex, in vacuo, by forming two hydrogen bonds. In general, one expects an ion pair to interact more strongly with polar groups than the neutral species does. Thus, given the approximately equivalent energies of the two forms in a homogeneous medium of low dielectric constant, it seems quite likely that the ion pair will be favored in real proteins, where additional interactions are possible. In fact, a survey of known protein structures suggests that all ion pairs that are buried in the interior of proteins form a significant number of additional hydrogen bonds (23) . It is worth pointing out in this regard that there is a wellcharacterized class of membrane proteins which provide strong evidence that charged amino acids can be buried in membranes. The Schiff bases of visual pigments and bacteriorhodopsin are buried within the bilayer and yet, as is evident from Raman measurements (24) , are clearly protonated.
Transferring Ion Pairs from Water to Membranes. Fig. 2 suggests that the free energy of transfer of an ion pair to a low-dielectric medium is on the order 15 kcal/mol for E = 2 and 10 kcal/mol for e = 4. It would thus seem that an ion pair that makes a few additional hydrogen bonds, of say 3 kcal/ mol apiece, could be as stable in a low-dielectric medium as it is in water. Warshel has reached a similar conclusion on the basis of rather extensive calculations (5). Indeed, salt bridges are believed to stabilize proteins (25) and protein fragments (26) , and this implies that the bound ion pair can be stabilized with respect to the separated solvated ions in water.
Engleman and Steitz (27) have calculated the energies associated with transferring isolated amino acids from water to a membrane. They assume that each residue is inserted separately and, consequently, that each ionizable group is inserted in neutral form. The above discussion, however, suggests that mechanisms involving insertion of preformed ion pairs into membranes should be seriously considered.
Individual Ions. While the analysis presented in this paper has focused on ion pairs, the various quantities we have treated can be used in a discussion of individual ions. For example, AG5(W ME) and AGLW.M) are just the energies required to transfer a carboxylate and ammonium ion, respectively, from water to a low-dielectric medium. Since their sum was determined above (e.g., 75 kcal/mol for E = 2, and 50 kcal/mol for E = 3), the contributions for the individual ions are approximately half these values (i.e., 25 kcal/mol for E = 3). Similarly, since burying the various residues in neutral form should be approximately half of AG~np(wE) [i.e., about 5 kcal/mol for E = 2 -4], it is apparent that a non-ionpaired group will, in general, be neutral. It may, however, be possible in some cases that enough additional hydrogen bonds can be formed to stabilize an ionic species, even in the absence of ion pairing (5 
